Recent improvements in the quality and yield of long-read data and scaffolding technology have made it 29 possible to rapidly generate reference-quality assemblies for complex genomes. Still, generating these 30 assemblies is costly, and an assessment of critical sequence depth and read length to obtain high-quality 31 assemblies is important for allocating limited resources. To this end, we have generated eight independent 32 assemblies for the complex genome of the maize inbred line NC358 using PacBio datasets ranging from 33 20-75x genomic depth and N50 read lengths of 11-21 kb. Assemblies with 30x or less depth and N50 read 34 length of 11 kb were highly fragmented, with even the low-copy genic fraction of the genome showing 35 degradation at 20x depth. Distinct sequence-quality thresholds were observed for complete assembly of 36 genes, transposable elements, and highly repetitive genomic features such as telomeres, heterochromatic 37 knobs and centromeres. This study provides a useful resource allocation reference to the community as 38 long-read technologies continue to mature. 39
3 of varying sequence read length and depth on the contiguity and completeness of assemblies is therefore 59 essential for informed allocation of finite resources. Here we conduct a comprehensive assembly 60 experiment using subsets of a high-depth, long-read (PacBio) data set for the maize inbred line NC358 to 61 evaluate critical inflection points of quality during the assembly of a complex, repeat-rich genome. 62
We sequenced the NC358 genome to 75x depth (based on a ~2.27 Gb genome size 9 ) using the 63 PacBio Sequel platform, which generated a raw read N50 of 21.2 kb ( Table 1; Table S1 ; Figure S1 ). To 64 identify an optimal assembly approach for this study, the complete raw data from NC358 and data from 65 the B73 v4 genome assembly (68x depth) 10 were each assembled using Falcon 11 , Canu 12 , and a hybrid 66 approach in which Falcon was used for error correction and Canu was used for assembly. All assembled 67 contigs were superscaffolded with a de-novo Bionano optical map (Figure S2) , and pseudomolecules 68 were constructed based on maize GoldenGate genetic markers 13 and high-density maize pan-genome 69 markers 14 (Online Methods). The Falcon-Canu hybrid assemblies of both genomes showed consistently 70 higher quality in terms of contig length, Bionano Raw reads were downsampled from 75x to 60x, 50x, 40x, 30x, and 20x while maintaining a 21-80 kb raw-read N50 and to 50x depth with a raw-read N50 of 11 kb and 16 kb. These latter two data sets 81 were generated to mirror read length distributions used in recent PacBio assemblies with similar genome 82 sizes, including the human HG002 (ref. 16 ) and maize B73 v4 (ref. 10 ) genome assemblies ( Figure S3) . 83 NC358 read subsets were error-corrected and assembled using the hybrid assembly approach described 84 above (Online Methods; Supplementary Text). These processes were resource-intensive and were 85 accelerated through cloud computing. The CPU time required for both Falcon error correction and Canu 86 assembly increased substantially as read depth increased, while the required maximum memory was fairly 87 similar ( Figure 1H ; Table 1 ). 88
Most assemblies had a total contig size covering >92% of the flow-cytometry estimated genome 89 size of NC358 (2.27 Gb 9 ), with the notable exception of the 21k_20x assembly (70.4% covered; Table 1) . 90
Contig length metrics were positively correlated with both read length and sequence coverage ( Figure  91 1B), with the highest contig N50 (24.54 Mb) and the longest contig (79.68 Mb) observed in the 21k_75x 92 and 21k_60x assembly, respectively ( Table 1) . A dramatic drop in quality was observed for both the 93 lowest depth (21k_20x) and shortest sequence length (11k_50x) assemblies, where the number of contigs 94 was 17x -32x more than the complete 21k_75x dataset (Table 1; Figure 1E ). For each assembly, superscaffolds were generated from the contigs using a common Bionano 110 optical map. Even the most fragmented Falcon-Canu assembly could be scaffolded to high contiguity 111
using this optical map due to the high density of labels in the map (Figure 1A-C) . The resulting 112 assemblies all had scaffold N50s at ~98 Mb ( Table 1 ). In fact, chromosome 3 (~237 Mb) consisted of a 113 single scaffold in five out of eight assemblies ( Table 1) . However, conflicts versus the Bionano map were 114 much higher in the assemblies with 20x coverage and a raw-read N50 of 11 kb (Table 1; Figure 1E) , 115
suggesting assembly error increased with lower coverage and read length. Assemblies with shorter read 116 length contained many more deletions relative to the optical map ( Figure 1I) , which may be due to the 117 collapse of repetitive sequences. We did not observe a clear pattern between read length and deletion size 118 ( Figure 1I) . Assembly misjoins were reduced with both longer reads and higher coverage, as shown by 119 the relative number of insertions ( Figure 1I) . 120
For each of the assemblies, pseudomolecules were constructed using the GoldenGate and pan-121 genome genetic markers, which placed >99% of the total assembled bases into pseudomolecules ( Table  122 S3; Figure S4 ). The resulting NC358 pseudomolecules were highly syntenic across assemblies and to the 123 B73 v4 genome ( Figure S5) . 124
We evaluated the completeness of gene-rich regions in each of the assemblies using BUSCO 15 . 125
The percentage of complete BUSCO genes increased from 68.0% to 96.3% from the 21k_20x to the 126 21k_75x assembly (Table 1; Figure 1D ; Table S4 ). Minimal improvement in BUSCO scores was 127 achieved at depths higher than 30x (95.5% complete BUSCO genes), indicating this depth provides 128 satisfactory gene space assembly. 129
To further evaluate the assembly of genic regions, we annotated gene models in the 21k_20x and 130 7 S6). These reads mapped to 3,184 genes in the 21k_75x assembly (Table S7) . Of these 3,184 genes, 20% 139 are present in the 21k_20x assembly but had assembly errors that prevented the RNA-seq reads from 140 mapping, while the other 80% were within sequence gaps (Table S7) . 141
In addition to metrics of gene completeness, we also examined each assembly for its ability to 142 capture two notable maize tandem gene arrays, Rp1-D 17 and zein 18 . The total length of these gene arrays 143 was estimated at 536 kb and 62 kb in NC358 respectively based on the optical map. Both the Rp1-D and 144 zein loci were completely assembled in all except for the 21k_20x assembly, where only 70% and 91% of 145 the loci were assembled respectively ( Figure 2G ; Table S8 ). The NC358 Bionano optical map was used to estimate the size of these components. Ngap, estimated gap 155 size. 156
157
The completeness of transposon-rich regions of the genome was assessed through the assembly 158 index of LTR retrotransposons, called LAI 7 . A higher LAI score is indicative of a more complete 159 assembly in TE-rich regions. The 21k_20x assembly had a substantially lower LAI score compared to 160 other assemblies (LAI = 12.2; Table 1 ). As sequence depth increased a substantial improvement in LAI 161 was observed, while the effect of sequence length on LAI was minimal ( Figure 1F ). This is likely due to 162 the fact that the length of LTR retrotransposons is approximately 10 kb on average (Figure S7) , which 163 could be spanned by even the 11 kb reads. The assemblies that were generated from ≥ 40x genomic depth 164 achieved "gold" quality (LAI ≥ 20 (ref. 7 )) (Table 1; Figure 1F ), which was comparable to the B73 v4 165 genome and much higher than many previously published maize genome assemblies generated with 166 short-read data (Figure S8) . 167
The insertion time of each LTR retrotransposon can be dated based on sequence divergence 168 between terminal repeats 7 . We identified 36% fewer intact LTR retrotransposons in the highly fragmented 169 21k_20x assembly ( Figure S9) , and significantly older LTR elements in the 11k_50x assembly (p < 10 -5 , 170
Tukey's test), suggesting fragmentation of assemblies could bias conclusions of transposon studies. LTR 171 retrotransposons shorter than 26 kb were assembled well across the assemblies (Figure S10; Figure S11 ). 172
However, a substantial effect of longer reads and higher depth was observed in the assembly of LTR 173 sequences longer than 26 kb ( Figure 2B) . We examined the assemblies of the longest LTR sequence 174 clusters using the Bionano optical map and found most assemblies contained no gaps and were virtually 175 complete ( Figure 2C) , with the notable exception that the 11k_50x, 16k_50x, and 21k_20x assemblies, 176 which contained large gaps in one of the LTR clusters (Table S9 ). We also inspected the bz locus 19 , 177 which has highly nested transposon insertions and an estimated size of 303.5 kb in NC358. The bz locus 178 was well assembled in all but the 21k_20x assembly, in which only 56.3% of the sequence was included 179 (Table S10 ). In summary, with ≥ 40x of sequence coverage, long-read sequencing and assembly can 180 traverse most transposon-rich genomic regions including relatively long LTR sequences, though with 181 shorter reads (i.e., read N50 of 11 kb -16 kb) this sequencing depth may not be sufficient.
9
The assembly of non-TE tandem repeat space was also evaluated, including telomeres (7-bp 183 repeats), subtelomeres (300 -1300-bp repeats), CentC arrays (156-bp repeats), nucleolus organizer region 184 (NOR, ~11 kb repeats), and the two major knob repeats (mixture of 180-bp and 350-bp repeats) ( Figure  185 2A; Table S11 ). The effects of sequence read depth and sequence read length were far more pronounced 186 across many of these tandemly duplicated portions of the genome (Figure 2A) . 187
Telomeres are characterized by 7-bp tandem repeats at the end of each chromosome. Our results 188 showed a substantial increase in the assembled length of telomere sequence with the increase of both read 189 length and sequence coverage ( Figure 2D ; Table S12 ). However, a precise estimate of telomere length 190 was not possible with our optical map due to the lack of Bionano DLE-1 sites in these highly repetitive 191
regions. Using the full dataset (21k_75x), only 10 of 20 telomere-subtelomere combined regions were 192 assembled to >90% of the Bionano estimated size (Table S13 ), suggesting even longer reads and higher 193 coverage are required for the full assembly of these regions. 194
The centromere is one of the most repetitive regions of many species' genomes including maize. The NOR is enriched with ribosomal DNA (rDNA) and spans approximately 9 Mb on 206 chromosome 6 of NC358 (Table S15) . Longer read length improved the assembly of this region, but 207 substantial differences were not observed with coverage ≥ 30x (Figure 2F) . Approximately 72% of the 208 NOR was included in the 21k_30x assembly and this improved by just 9% to 81% in the 21k_75x 209 assembly (Table S15; Figure 2F) . 210
Finally, maize knobs are heterochromatic regions consisting of 180-bp (knob180) and 350-bp 211 (TR-1) repeats 22 . We used the Bionano optical map to assess the assembly of two knobs that together 212 spanned a total of 5 Mb. With longer reads and higher coverage, more knob sequences were assembled, 213 with 6.5% of the two knobs present in the 21k_20x assembly and up to 65% in the 21k_75x assembly 214 (Table S16; Figure 2H) . 215
Recent innovations in long-read and scaffolding technology have made highly contiguous 216 assembly possible across a wide range of species. We have documented how both the completeness and 217 contiguity of assemblies improve with increasing depth and read length. The biological aims of an 218 investigation must be considered when determining the level of investment in depth of sequence. With 219 long-read sequencing, the low-copy gene space (including tandem gene arrays) can be well assembled 220 with as low as 30x genomic coverage across a range of read lengths. Complete characterization of 221 transposable elements in complex genomes such as maize will require a greater depth of sequence (~40x) 222 and should employ library preparation protocols that maximize read-length N50. Finally, complete 223 assembly of highly repetitive genomic features such as heterochromatic knobs, telomeres, and 224 centromeres will require substantially more data. In fact, complete assembly of these latter highly 225 repetitive sequences will likely require innovations beyond current sequencing technology. 226 Pacific BioSciences long-read data for NC358 were generated at AGI using the Sequel platform. 236
ONLINE METHODS
Libraries were prepared using the manufacturer's suggested protocol (https://www.pacb.com/). The raw 237 reads that were generated covered the genome at an estimated 75-fold depth (75x) with a read-length N50 238 of 21,166 bp. Reads from each SMRT cell were inspected and quality metrics were calculated using 239 SequelQC 24 . After validating the PSR (polymerase to subread ratio) and ZOR (ZMW occupancy ratio) 240
were satisfactory, all subreads were used for subsequent steps. 
Downsampling raw sequence 258
The 75x SMRT Sequel raw data from maize NC358 was downsampled to 60x, 50x, 40x, 30x, and 259 20x data using seqtk (v1.2) (https://github.com/lh3/seqtk). Downsampling was performed as serial 260 titration, in which each dataset was the superset of the next smaller dataset, and was sampled to have 261 similar length distributions (Figure S3) . The N50 of the downsampled raw data were almost identical to 262 the N50 of the full 75x data ( Table 1) . 263
Shifting read length distribution of raw sequence 264 Two more NC358 datasets were downsampled and trimmed from the original 75x SMRT dataset 265 to match the read length distribution of the maize B73 data 10 and the human HG002 data 16 , which had 266 read N50 lengths of ~16 kb and ~11 kb, respectively (Figure S3) . To do this, first, the read lengths of the 267 maize B73 and human HG002 data were each sorted in descending order. For each read length value, all 268 raw reads from NC358 that were longer than said value were randomly sampled without replacement and 269 clipped to have matched read length. The unused clipped part of the read was put back in the pool for 270 further use with short read length. This distribution-shifting approach was chosen to achieve a realistic 271 distribution of read length rather than trimming all reads by fixed lengths. These datasets were labeled as 272 "16k", and "11k" based on their N50 of raw data of 16,765, and 11,092, respectively. 273
RNA tissue sampling and sequencing 274
Samples from 10 tissues throughout development were collected to generate expression evidence 275 for gene annotation. Two biological replicates were collected for each tissue type, and each replicate 276 consisted of three individual plants. The tissues that were sampled were: 1) primary root at six days after 277 planting; 2) shoot and coleoptile at six days after planting; 3) base of the 10 th leaf at the Vegetative 11 278 (V11) growth stage; 4) middle of the 10 th leaf at the V11 growth stage; 5) tip of the 10 th leaf at the V11 279 growth stage; 6) meiotic tassel at the Vegetative 18 (V18) growth stage; 7) immature ear at the V18 280 growth stage; 8) anthers at the Reproductive 1 (R1) growth stage; 9) endosperm at 16 days after 281 pollination; and 10) embryo at 16 days after pollination. Tissue from developmental stage V11 and older 282 were taken from field-grown plants while all younger tissue samples were taken from greenhouse-grown The quality of the total RNA was assessed by Bioanalyzer or Fragment analyzer to determine 291 RNA concentration and integrity. The sample concentration was normalized in 25 uL of nuclease-free 292 H 2 O before library preparation. Libraries were prepared using KAPA's stranded mRNA-seq kit with 293 halved reaction volumes. During library preparations, mRNA was selected using oligo-dT beads, the 294 RNA was fragmented, and cDNA was generated using random hexamer priming. Single or dual indices 295 were ligated depending on the desired level of multiplexing. The number of cycles for library PCR was 296 determined based on kit recommendations for the amount of total RNA used during library preparation. 297
Libraries were quality control checked using Qubit or plate reader, depending on the number of samples 298 in the batch for library concentration, and fragment analyzer for the size distribution of the library. The 299 pooling of samples was based on qPCR. The pooled libraries were then checked by Qubit, Fragment 300
Analyzer, and qPCR. 301
RNA libraries were prepared for sequencing on Illumina instruments using Illumina's Dilute and 302
Denature protocol. Pooled libraries were diluted to 4 nM, then denatured using NaOH. The denatured 303 library was further diluted to 2.2 pM, and PhiX was added at 1% of the library volume. RNA pools were 304 sequenced on a NextSeq 550 to generate 75 bp pair-end reads. On average, 24.5 million pair-end reads 305 were generated per replicate per tissue type, for a total of 489 million reads across all samples. Data were 306 demultiplexed and trimmed of adapter and barcode sequences on BaseSpace (Figure S14) . 307 Bionano data generation 
Genome assembly 336
To determine the assembly approach to apply to each of the datasets, three different methods 337
were first tested on the complete dataset, including Falcon only, Canu only, and a Falcon-Canu hybrid 338 14 approach. We also downloaded raw PacBio sequencing data for the B73 v4 genome for comparison of the 339 different approaches with a second data set. 340
The Falcon genome assemblies were performed using the falcon_kit pipeline v0.7 (ref. 11 ) with 341 some modifications. TANmask and REPmask were not used due to their extensive masking for the maize 342 genome. Error correction for raw reads was performed on the longest 50x coverage, with the average read 343 correction rate set to 75% (-e 0.75) and local alignments for at least 3000 bp (-l 3000). The usage of -l 344 3000 instead of -l 2500 was done because of the omitted repeat masking, which works better for highly 345 repetitive genome species like maize. A minimum of two reads and a maximum of 200 reads were used 346 for error corrections (--min_cov 2 --max_n_read 200). For sequence assembly, the exact matching k-mers 347 between two reads was set to 24 bp (-k 24) with read correction rate as 95% (-e 0.95) and local 348 alignments at least 1000 bp (-l 1000). The longest 20x coverage reads were used for assembly with a 349 minimum coverage of two and maximum coverage of 80 (--min_cov 2 --max_cov 80). Full parameter sets 350 are included in the supplementary text. 351
For Canu read correction and assembly, Canu v1.7 (ref. 12 ) was used. K-mers more frequent than 352 500 were not used to seed overlaps (ovlMerThreshold=500). The genome size of 2,272,400,000 bp and 353 2,500,000,000 bp for NC358 and B73, respectively, were used in this study 9 . Other parameters were used 354 as default. Due to a bug in the Canu v1.7 program, truncations of large contigs would occur during the 355 consensus process (https://github.com/marbl/canu/releases/tag/v1.8). Because the program was not 356 expecting the superlong contigs that were being generated for our NC358 assemblies, we found a total of 357 nine large contigs that suffered from consensus truncations. To fix these truncation gaps, consensus-free 358 contigs were generated using Canu v1.7 (cnsConsensus=quick), then blastn was used to search for 5-kb 359 boundaries of truncation gaps in consensus-free assemblies. Truncated sequences were retrieved and 360 patched to the truncated contigs. 361
For the Falcon-Canu hybrid approach, the error correction was performed by Falcon, and the 362 trimming and assembly were performed by Canu using the versions and parameters described above. All 363 the assemblies were performed on the DNAnexus cloud platform. CPU core hour and maximum memory 364 usage were recorded every 10 minutes for each Falcon error correction and Canu assembly job. For 365
Falcon error correction of the 21k datasets, the CPU core hour (y) could be predicted by raw read depth 366 assembly of the 21k datasets, the CPU core hour (y) could be predicted by corrected read depth (n) with y 368 = 6438752000 + (1284.689 -6438752000)/(1 + (n/56334.74)^1.872455). These curves were fit using the 369 https://mycurvefit.com/ website and plotted in R. 370
We evaluated these assembly approaches using both maize NC358 and B73. For both inbred lines, 371 a similar assembly size was generated by each of the approaches. However, the Falcon-Canu hybrid 372 approach yielded the longest contig length (78.4 Mb and 19.7 Mb, respectively), the highest contig NG50 373 (23.0 Mb and 3.0 Mb, respectively), and the lowest number of assembly errors based on Bionano conflict 374 cuts (21 and 64, respectively; Table S1 ). The gene space completeness evaluated using Benchmarking 375
Universal Single-Copy Orthologs (BUSCOs) 15 and the repeat space continuity evaluated using the LTR 376
Assembly Index (LAI) (vbeta3.2) 7 were similar between the Canu and the hybrid approach and higher 377 than those assemblies that were created using the Falcon assembler (Table S1 ). This was likely due to the 378 consensus approach used at the end of the Canu program, which was missing in the Falcon program. Due 379 to the consistently high quality of the assemblies generated from the hybrid approach, we used this 380 approach to assemble each of the NC358 datasets with varying sequence depth and read length. Full 381 parameter sets are included in the supplementary text. 382
Genome polishing
383 Two polishing approaches were tested on the 21k_75x assembly. The first was done using Arrow 384
with PacBio raw reads (75x coverage). Read mapping to the assembly was done using BLASR 26 with 385 default parameters (--minMatch 12 --bestn 10 --minPctSimilarity 70.0 --refineConcordantAlignments). 386
The Arrow tool in the SMRT Link (v5.1.0) software package was then applied to correct for sequencing 387 errors with default parameters. A second approach for polishing was done using Pilon with Illumina pair-388 end reads (30.7x coverage). Read mapping to the assembly was done using Minimap2 (v2.16) 27 with the 389 short read option (-ax sr). Pilon (v1.23-0) 28 was then applied to correct for sequencing errors including 390
SNPs and small indels (--fix bases) on sites with a minimum depth of 10 and a minimum mapping quality 391 of 30 (--mindepth 10 --minmq 30). 392
With both approaches, minimal differences were observed in the contiguity statistics (Table S2 ) 393 or the repeat content for the 21k_75x assembly (Figure S15) , and it is expected that this minimal impact 394 would be observed across all of the NC358 assemblies. A more substantial difference in BUSCO scores 395 were observed with both the Arrow-polished and the Pilon-polished 21k_75x assemblies (Table S2) . 396
Because the polishing had a substantial impact on this metric, the other NC358 assemblies were also 397 polished using Pilon with the same parameter settings and similar improvement of BUSCO scores were 398 observed ( Table 1; Table S4 ). 399
Generation of pseudomolecules 400
Hybrid scaffolds for the assemblies were generated with Bionano Direct Label and Stain data 401 using Bionano Solve (v3.2.1_04122018). Overlaps of contigs within Bionano map space were resolved 402 by placing 13 bp of Ns (13N gaps) at the overlap site. In addition to arranging contigs into scaffolds, the 403
The NC358 Bionano optical map was used to estimate the size of these components. Ngap, estimated gap 660 size. 661 
